The mechanism of nano grain formation in tungsten by mechanical milling, which is one of the methods for severe plastic deformation, was investigated. The powder microstructure was divided in some layered grain structures, and finally consisted of equiaxed nano grains. This nano grain structure was formed by the subdivision of the layered grain. These nano grains have non-equilibrium grain boundary structure. It is considered that such a specific microstructure is formed by extremely heavy plastic deformation by due to the mechanical milling process.
Introduction
Various methods of severe plastic deformation (SPD), for example, High Pressure Torsion (HPT), [1] [2] [3] Equal Channel Angular Pressing (ECAP), 1, 2, 4) Accumulative Roll-Bonding (ARB), 5, 6) Shot Peening, [7] [8] [9] and Mechanical Milling (MM), 7, [10] [11] [12] [13] are used to fabricate ultrafine grain materials. It is well known that the minimal grain size is depending on the deformation conditions, i.e., amount of strain, strain rate, processing temperature. 5, 7) Although many researches that submicron grain size materials can be achieved by ECAP and ARB processes have been reported, 2, [4] [5] [6] the MM process especially enables us to obtain nano grain size materials because the MM at room temperature gives extremely large amount of strain and the deformation rate is high. 8) It is well accepted that coarse grains are divided by formation of finer dislocation cell structures at the grain refinement up to micron or submicron order. [14] [15] [16] Several studies about the nano grain formation, such as sub-divisions of nano layered grain 7, 15) have been reported. However, there is little observation about the sub-division mechanism, because most of defects such as dislocations in the nano grain structure easily recover during MM process. The recovery rate of defects greatly depends on the processing temperature, therefore it is considered that the defect structure of material with high melting temperature is more stable than those with low melting temperature at the same deformation condition. Thus it is important to examine high melting temperature materials, such as tungsten (W), for detail understanding of nano grain formation mechanism.
The objective of this study is to clarify the nano grain formation mechanism of W by MM. W has a BCC crystal structure and the highest melting temperature (T m : 3653 K) among all pure metals. One of the authors reported that the processing temperature of ball milling was kept less than 333 K, 17, 18) which was about 0.09 T m of W. This temperature region is extremely low. For instance, 0.09 T m corresponds to 163 K for -Fe and 84 K for Al. Therefore, there must be few recoveries during MM, hence it is important that the defect structure and nano grain formation mechanism is expected to be clear in W.
Experimental Procedure
Commercially pure W (purity 99.9 mass%) powder with an average particle size of 3 mm was sealed into a vial under an Ar atmosphere. MM was carried out for various periods of time by Fritsch P-5 planetary ball mill using a WC-Co vial and balls at room temperature. A weight ratio of ball and powder was 10 to 1. The vial and balls were coated by W prior to the milling to avoid contamination. Table 1 shows the chemical analysis of W powder milled for 360 ks. As indicated, the total contamination was less than 0.2 mass%. Microstructures of W powders on each stage were observed by SEM and TEM-EDS. Figure 1 shows SEM micrographs of the powders, (a): W powder before MM and (b): W powder milled for 360 ks, respectively. As can be seen in these figures, an initial particle consisting of single crystalline W has the size of about 3 mm. However, after milling for 360 ks the size of the powder became an average diameter of about 2 mm with agglomerate morphology and relatively smooth surface. Our previous paper 11) reported that particle morphology of W powders became finer by shredding at early stage of MM process, but the average particle size was kept to about 1 mm. These results indicate that the particle dimension of W powder is kept to about 1 micro meter during MM. It is well known that bulk polycrystalline W has a high ductile-brittle transition temperature which leads to intergranular fracture at room temperature. 19, 20) However, Argon et al. reported that single crystalline W could be deformed even at 77 K. 21) Therefore, it is considered that the slip formation in the single crystalline W powder took place during MM at room temperature in Fig. 1(b) . Fig. 2(a) , a lot of dislocations are generated by MM 18 ks and the powder microstructure is divided in some layered grains. This dislocation structure indicates that heavy slip deformation had occurred in W particle by MM. In addition, layered grains are divided by several sub-boundaries formed by rearrangement of dislocations, as pointed in the Fig. 2(a) by white arrows. SADP in Fig. 2(a) implies that the grains have small misorientation. The sub-grain structure has an equiaxed shape and the average size of approximately 150 nm. This observation clearly indicates that the microstructure of the MM powder is refined by the formation of sub-grain structure at the early stage of MM process.
Results and Discussion
After milling for 36 ks, as shown in Fig. 2(b) , the W powder consists of nano layered structure, whose average sizes are approximately 30 nm wide and 100 nm long, with high dislocation density. SADP from the nano layered structure has a ring profile, which indicates the layered structure has high angle grain boundaries. Such a layer structure is often observed at the grain refinement processed by MM and other SPD, 7, 8, 10, 15, 22) and the width of the layered structure has various values depending on materials and deformation conditions. Wei et al. reported that the similar layered structure with heavy dislocation density could also be formed by HPT process in W at 773 K (about 0.21 T m ). 22) However, the width of the layered structure formed by HPT is approximately 100 nm, which is larger than that seen in Fig. 2(b) . Therefore, the processing temperature must be one of the factors which influence the width of the layered structure.
It is apparent that MM 86.4 ks powder consists of a nano layered structure with low dislocation density, shown in Fig. 2(c) . It is noteworthy that dislocation density in those nano grains, shown in Fig. 2(c) , becomes much less, compared to that in Fig. 2(a) or (b) . This strongly suggests that annihilation behavior of dislocations has been changed. In other words, the grain boundary which plays a role as dislocation source and/or sink characteristic presumably changed in the later stage of MM. Instead, the nano layered grains are divided in two or more sub-divisions, which are pointed out by white arrows. These sub-divisions have more equiaxed shape compared to that shown in Fig. 2(a), (b) , and have a nano sub-grain with the size of about 20 nm. From these results, the nano grain structure develops firstly by nano layered structure formation and subsequently by sub-division of the nano layer. Figure 3 shows a HRTEM image of a nano grain in the powder milled for 360 ks. As can be seen in Fig. 3(a) , the MM 360 ks powder consists of equiaxed nano grains with an average size of about 20 nm, and has very few dislocations in the grains. Since SADP from this nano grain structure indicates a ring profile, the nano grains have high angle grain boundaries. The comparison between Fig. 2(c) and Fig. 3(a) demonstrates that the sizes of the nano grains in the MM 360 ks powder are similar to those of the nano sub-grains in the MM 86.4 ks powder. This result clearly indicates that the nano grains are formed by increasing the misorientation of nano subgrains. The fact that the nano grain is formed by segmentations of nano layer grain 7, 8, 10, 11) strongly supports the belief.
It is obvious that the nano grain formation, which is demonstrated in Figs. 2 and 3 , took place after the nano layer structure formation. The elongated grain microstructure with high dislocation density in the early stage of MM, as shown in Figs. 2(a) and (b), implies that dislocations play an important role for the refinement of layered structure as well as the grain sub-division. In addition, these microstructural changes are similar to those reported in Fe 7) and Fe-C 7, 15) processed by MM. However, a high dislocation density microstructure in the nano layered grains is seldom observed in these materials, because the processing temperatures against their melting points are different. MM temperature using planetary ball milling equipment is less than 333 K, 17, 18) and it corresponds to 0.09 T m in W and 0.18 T m in Fe. Therefore, it is considered that recovery of the dislocation structure in W must be more difficult compared to Fe. In other words, recovery of the dislocation during deformation will influences on kinetics of the nano grain formation. Thus, it should be noted that storage and annihilation of dislocation is very important to obtain a nano grain structure. Figure 3(b) shows the size of nano grain is 12 nm wide and 25 nm long, and the crystal lattice image shows this nano grain has high angle grain boundary structure. However, the nano grain is divided by sub-grain boundaries as pointed out by white arrows in Fig. 3(b) . These sub-grain boundaries will become high angle grain boundaries by the additional deformation. In addition, the nano grain, shown in Fig. 3(a) , has an irregular and a wavy grain boundary structure. The structural features indicate that there are many accumulated strains near the grain boundary, which is to say, the nano grain W consists of non-equilibrium grain boundary structure. The formation of the non-equilibrium grain boundary suggests an accumulation of the excess grain boundary energy, and the accumulative energy along the grain boundary may accelerate the grain boundary diffusion. Moreover, such a non-equilibrium grain boundary structure plays an important role in the dislocation annihilation behavior in the nano grains as demonstrated in Fig. 2(c) .
Conclusion
We conclude that the nano grain refinement in W by MM proceeds as follows: 1st stage: the powder microstructure is divided by dislocations, into a lot of sub-grains, which are formed by the rotation of dislocation cell structure, 2nd stage: the nano layer structures are formed by grain deformation, 3rd stage: the nano layer structure is divided in two or more nano sub-grains, Final stage: nano sub-grains rotate to become nano grains with high angle grain boundary, in other words, the nano grain structure is formed by nano layer sub-division. Moreover, the nano grain W has non-equilibrium grain boundary structure which is formed by severe plastic deformation of the MM process.
